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Abstract 
A generation planning model of the Chinese six major power grids, which is being developed in order 
to evaluate and analyse the capture and storage of CO2 considering environment co-benefit of air 
pollutants (SOx and NOx) of the advanced electricity generation technologies. In this study, an energy 
system model of China by the General Algebraic Modeling System (GAMS) is used. There is an 
objective function, which includes revenue from sales of electric power, total system cost, the cost of CO2 
transport and storage and emission taxes of CO2, SOx, NOx and so on. The objective function will be 
minimized by optimization model. A method to evaluate and analyse the potential of transferring 
advanced power generation technologies into the Chinese power system is also presented. Assessing 
potential of the Clean Development Mechanism (CDM) activities, potential amount of the CDM credits in 
China by using this method. Based on the results of this study, some advanced coal power plants have 
been done in China by considering co-benefits for the CDM activities.  
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Nomenclature 
 
s Index of years  
i  Index to hours 
j Index of generation plant types 
env        Air pollutants (CO2, SOx, NOx) 
M(s,j)    Demand at the hour i on the load duration curve of the year s 
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N(s,i)    Input to pumped storage plant at the hour i in the year s 
Y(s,i,j)  Output of generation plant of type j at the hour i in the year s 
X(s,j)    Capacity of generation plant of type j added in the year s 
Z(s,j)    Capacity of generation plant of type j exiting in the year s 
G(s,j)    Electricity generated by generation plant of type j in the year s 
R(s,j,j ) Capacity of plant retrofitted from type j to type j  in the year s 
F(s,j,k)  Consumption of fuel k by generation plant of type j in the year s 
E(s, env)   The emission of pollutant env in the year s 
CER(s)   The amount of Certified Emission Credit obtained in the year s 
SOx(s)    The emission of the SOx in the year s 
NOx(s)   The emission of the NOx in the year s 
OBJ       Discounted total system expenditure (Objective function) 
h(j)      The number of hours between the hour j and the hour (j+1) 
gef(j,k)  Consumption of fuel k per Kwh by generation plant of type j 
avl(j)   Availability of generation plant of type j 
cf(j)   The annual load factor of generation plant of type j 
inv(s,j)  Investment cost of generation plant of type j in the year s 
vom(j)   Variable O&M cost of generation plant of type j in the year s 
afx(j)  Annual expenditure rate of generation plant of type j in the year s 
dcm(s,j)  Initial capacity of plant type j decommissioned in the year s 
pr(s,k)  Price of fuel indexed with k in the year s 
tdef   Transmission and distribution loss rate 
ert    Reserve rate 
psef    The efficiency of pumped storage power plant 
ef(k,env)  Emission factor of pollutant env per heat content of fuel k 
rd(j,env)  Reduction rate of the emission of env by generation plant of type j 
ebl(s,env)  The baseline emission of env in the year s 
som(s,env)  Baseline emission of pollutant env per kwh in the year s of all the thermal power plants 
except for small coal power plant 
ogp    On-grid price 
pcer   The price of certified emission reduction 
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csox   The marginal damage cost of SOx 
cnox   The marginal damage cost of NOx 
shrp   Share of profit 
tstCO2 CO2 transport and storage cost 
capCO2 CO2 capture cost 
A   The threshold value of internal rate of return for CDM project 
D   Discout rate 
1. Introduction 
China, with nearly 10% annual economic growth rate in the past two decades, has already become the 
wo highest energy consumer country.  As  the  main domestic  energy  resource
accounting for 70% of energy demand, coal plays the most important role in 
energy strategy especially in electricity sector [1]. With the great achievement of economy, 
meanwhile, exploration and utilization of large amount of coal at low efficiency in electricity sector has 
also already brought about severe problems such as resource depletion and environmental degradation. 
Sulphur dioxide (SO2), nitrogen oxides (NOx), and carbon dioxide (CO2) are emitted by direct 
greatest SO2 emitter and the second largest CO2 emitter.  Carbon Capture and Storage (CCS) is promising 
technologies that can drastically reduce CO2 emissions from consumption of fossil fuel. It has the 
potential to capture and store the CO2 from point source industries and power generation plants, thereby 
avoiding emissions into the atmosphere and mitigating global climate change. Also, SO2, NOx and CO2 
will decrease carbon dioxide emission to a proposed aim. 
The CDM is one of the market-based mechanisms, which allows industrialized countries to invest in 
greenhouse gas emissions abatement projects in developing countries and receive revenue from the sales 
of the certified emission reductions (CERs). The CDM created to promoted and facilitate investment in 
greenhouse gas emission-reduction project, will provide business opportunities and encourage economic 
growth. The CDM projects in China, in particular, promise to generate revenue and other benefits for 
companies from industrialized countries that invest in qualifying projects. The CDM allows industrialized 
countries to buy CERs and to invest in emission reductions where it is cheapest globally [2]. The 2001 
was the first year that CDM projects were registered and 7 September 2012, the CDM issued 1 billion 
CERs units [2]. Carbon capture and storage (CCS) was included in the CDM carbon offsetting scheme in 
December 2011 [3]. The outlines of CDM are shown in Fig.1. 
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Fig.1. The outline of clean development mechanism
2. Electricity Supply and Demand in China
Most Chinese electricity power system are currently composed of six major power grids, which
include North China Grid, Northeast Grid, East China Grid, Central China Grid, Northwest Grid, and 
China Southern Power Grid.
2.1. The current Status of Electricity Supply
The total power installed capacity of the six major power grids was approximately 620 GW in 2006.
Out of these six, the largest grid is East China Grid, followed by North China Grid, and the smallest grid 
is Northwest Grid. The power installed capacity of two largest power grids over 140 GW. Thermal power 
generation is predominant in North China Grid, East China Grid, and Central China Grid. Hydropower 
generation plays more important role in the other grids. The average fuel consumption per kWh of 
thermal power plants at the sending end [5] ranges from 352 gce (10.31 MJ) in East China Grid to 387
gce (11.34 MJ) in Northwest Grid. Besides enlarging the unit capacity of newly generation plants and 
abolishing small coal power plants (10 MW), they also started to implement a few advanced power plants
such as USC coal power plant, IGCC coal power plants and NGCC power plants recently.
2.2. The Current Status and the Future Prospect of Electricity Demand
The electricity demand of China was approximately 284 billion kWh in 2006, and increased about 3.3
per cent annually on average. The annual peak demand of the six power grids at the receiving end in 2006
[4] are also shown in Table 1.
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Table 1. The annual peak demand of the six major power grids in 2006 
 
Power Grid Generation Capacity (GW) Thermal Efficiency 
(gce/kWh) 
Peak Demand (GW) 
Thermal Hydro Nuclear & Others 
North China 137.15 3.73 0.62 370 94.08 
Northeast 40.61 6.40 0.87 381 33.57 
East China 128.83 18.46 3.52 352 106.54 
Central China 76.66 52.52 0.05 382 65.29 
Northwest 29.63 14.07 0.44 387 23.19 
China Southern   70.95 34.77 3.96 360 58.15 
 
3. Generation Planning Model 
 
3.1. Basic Equations 
 
This generation planning model is a linear programming model, which is developed using the General 
Algebraic Modeling System (GAMS). The model s time frame is from 2006 to 2046. The equations 
which determine the baseline scenarios of the model are as follows. 
 
Balance of energy relation 
 
j
jisYisNtdefisM ,,,1/,                                                                                            (1) 
Availability of capacity relation 
   jsZjavljisY ,,,                                                                                                                       (2) 
Peaking relation 
  
j
tdefsMertjsZjavl 1/1,1,                                                                                         (3) 
Output order relation 
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Capacity transfer relation 
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Balance of pumped storage relation 
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Amount of generated electricity relation 
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Annual capacity utilization relation 
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Fuel consumption relation 
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Emission relation 
     
kj
kjsFenvjrdenvkefenvsE
,
,,,,,                                                                                     (10) 
 
7550   Jianguo Liang and Akinobu Murata /  Energy Procedia  37 ( 2013 )  7545 – 7556 
 
Objective function 
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3.2. Characteristics of Key Technologies 
 
Table 2 shows key technology characteristics of thermal power plants used in this study. Invest cost in 
this Table is estimated referring to [7], and does not include emission control equipment cost. Coal power 
plant below 10 kW is assumed to be abolished before 2016 at a constant pace. Annual load factors are 
assumed to be at most 70 per cent for all the plant types except for small-scale coal power plant. 
The load factor of small-scale coal power plant in each power grid is adjusted to make the average fuel 
consumption rate of thermal power plants in each grid equal to their actual values. The model includes 
nuclear power plants, hydropower plants, and wind power plants in addition. The growth of total 
generation capacity of these technologies in China is given as scenario based on some expert s visions 
[8][9][10], while their generation capacity in each power grid is determined by the results of the 
optimization model. 
 
Table 2. Key technology characteristics of thermal power plants 
 
Plant Type 
  
Fuel 
Consumption 
Rate 
(gce/kWh) 
Annual 
Load 
Factor 
(%) 
Investment Cost (rmb/kW) 
2006 2011 2016 2021 2026 2031 2036 2041 2046 
Subcritical Coal 352 70 4776 4776 4776 4776 4776 4776 4776 4776 4776 
Supercritical 
Coal 
293 70 5572 5572 5572 5572 5572 5572 5572 5572 5572 
USC Coal 273 70 6368 6368 6368 6368 6368 6368 6368 6368 6368 
IGCC Coal 284 70 8756 8756 8756 8756 8756 8756 7164 7164 7164 
NGCC 224 70 4378 4378 4378 4378 4378 4378 4378 4378 4378 
USC_CCS coal 396 70 11940 11940 11940 11940 11940 11940 11940 11940 11940 
IGCC_CCS coal 353 70 14328 14328 14328 14328 14328 14328 12736 12736 12736 
NGCC_CCS 262 70 7960 7960 7960 7960 7960 7960 7960 7960 7960 
OXYFUEL_CCS 
coal 
363 70 13532 13532 13532 13532 13532 13532 13532 13532 13532 
Note: USC=Ultra Supercritical, NGCC=Nature Gas Combined Cycle, IGCC=Integrated Gasification 
Combined Cycle, CCS=Carbon Capture and Storage, 1gce=27.3kJ. 
 
Emission control equipment costs are assumed as follows: Flue-gas desulfurization equipment is 200 
(rmb/kW), low-NOx burner is 30 (rmb/kW), and Flue-gas NOx control (Selective Catalytic Reduction) 
equipment is 200 (rmb/kW). Emission reduction rates of control technologies are assumed as follows: 
Flue-gas desulfurization cuts 90 percent of SOx from coal power plant, low-NOx burner cuts 35 percent 
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of NOx from coal power plant and 50 percent of NOx from gas power plant. Selective Catalytic 
Reduction cuts 80 percent of NOx in the flue gas.  
 
3.3. Environmental Protection 
 
It is another urgent question to reduce the emission of air pollutants (CO2, SOx, NOx), all of them 
sulphur oxides emission is mainly. The Chinese government is promoting the flue-gas desulfurization of 
thermal power plants strongly. During China s 11th Five Year Plan (2006-2010) SO2 control equipment 
was installed on the vast majority of China s coal-fired power plants. The new pollution abatement 
equipment combined with the closure of 76 GW of the most highly polluting old coal-fired power plants 
 by over 14%.6 [6]. NOX control was added in March 2011 in the 
12th Five Year Plan. According to the Chinese Electricity Council, by the end of 2010 (before the 
requirement came into force) 14% of coal-fired power plants (totally 90 GW) had already installed NOX 
control equipment. During the next five years this number will grow considerably. Three types of 
emission control for coal power plants and two types of emission control for nature gas power plants are 
set up. 
 
 
4. Result of Baseline Optimization 
 
4.1. The Conditions of the Baseline 
 
  The baseline is estimated which not include CDM projects and marginal damage costs of air pollutants. 
Environment damage costs of air pollutants are estimated with different evaluate method. CO2 price is 
determined based on the emission market. Marginal damage costs of SOx and NOx emission are 
estimated based on a willingness-to-pay considering environment impact. The CO2 emission limit is 
applied only in the 2031 (207.82 g/kWh) year and 2046 (195.82 g/kWh) year. The SOx emission limit  
and NOx emission limit are imposed so as to both the national average SOx emission and the national 
average NOx emission  of thermal power plants may become a half of 2006 every 5 years until 2021. The 
national average SOx emission and NOx emission of thermal power plants are 5.38 (gSO2/kWh) and 4.25 
(gNO2/kWh) in the 2006, which will be 0.678 (gSO2/kWh) and 0.53 (gNO2/kWh) after 2021, 
respectively. 
 
4.2. The Annual Electricity Generation of China in the Baseline 
 
The annual electricity generation of China in the baseline are shown in Fig.2. Total electricity power 
generation of China increase from 2263224 Gwh to 7332666 Gwh. Coal-fired power generation plants 
have been dominant through the modelling period. Coal_igcc power generation installed increase from 
2016. Hydro water power generation and nuclear generation are installed up to the upper due to a low fuel 
cost, and small coal power generation decrease for small power generation plants are abolished gradually.  
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Fig.2. Annual electricity generation in the baseline
5. Optimization with CDM
5.1. Additional Equation for CDM Evaluation
Equations (12)-(15) are added into Equations (1)-(10) in order to evaluate CDM activities. It is also 
taken into consideration that the construction and operation of so-called must-run power plants (nuclear,
hydro, and wind) is not influenced by CDM activities.
5.1.1. CER Relation
The amount of CER is defined as follows by comparing the air pollutants (CO2, SOx, NOx) emission 
per kWh of CDM project with the average air pollutants (CO2, SOx, NOx) emission per kWh of all the 
thermal power plants except for small coal power plant. CER is obtainable only in the crediting period of 
the CDM project. The share of profit is 0.02, and the length of the crediting period is assumed to be 7
years in this study.
DMCj
k
kjgefCOjdrCOkfeCOsomsjsGshrpsCER ,'','','',,1 222 (12)
5.1.2. Additionally Relation
Suppose that CDM project start in the year s . Equation (13) means the internal rate of return of the
CDM project is lower than 0. On the contrary, equation (14) means that the internal rate of return of the
CDM project exceeds 0 with the help of the sale of CER. CER is counted only in the crediting period.
The value of A is assumed to be 0.08.
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5.1.3. Emission Reduction Relation 
 
Equation (15) requires that CDM project should actually reduce the emission of air pollutants below 
the baseline level. 
envseblenvsE
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5.2. New Objective Function 
 
Equation (16) defines the objective function of the optimization model with CDM, and is used to 
replace equation (11) in the baseline case. It includes the revenue from the sales of CER, which is counted 
only in the crediting period. 
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6. Result of CDM Potential 
 
There are several factors which influence on CDM potential such as CERs price, fuel price, on-grid 
price, the length of crediting period, environmental protection and so on. USC and USC_CCS coal power 
plant with flue-Gas desulfurization and low-NOx burner control, IGCC and IGCC_CCS power plant also 
with flue-Gas desulfurization and low-NOx burner control. NGCC and NGCC_CCS power plant with 
low-NOx burner and Selective Catalytic Reduction (SCR) control are examined as CDM projects. In this 
study, USC CDM and USC_CCS CDM, IGCC CDM and IGCC_CCS CDM, NGCC CDM and 
NGCC_CCS CDM are assumed to start in 2021. The following tentative assumptions are commonly used. 
The crediting period of CDM project is 7 years. On-grid price is 0.40 rmb/kWh. The annual electricity 
generation of China under different marginal damage costs of SOx and NOx are shown in Fig.3. Annual 
electricity generation are shown in Fig.3 (a) when the CERs prices are 955rmb/t C (32.7$/t CO2), the 
marginal damage costs of SOx and NOx are all 0$/t in the CDM projects. In order to clarify the impact of 
the marginal damage costs of the air pollutants, the marginal damage cost of SOx and NOx are applied. 
Annual electricity generation are shown in Fig.3 (b) when the CERs prices are 955rmb/t C (32.7$/t CO2), 
the marginal damage costs of SOx and NOx are 1707$/t and 1513$/t in the CDM projects, respectively. 1 
USD equivalent to 7.96 rmb is taken in this study. We can understand, the implemented add of USC_CCS 
CDM when the marginal damage cost of SOx and NOx are applied. 
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It is found that environmental protection has a positive impact on CDM potential. In particular, this
study also highlighted the impact of CCS for environmental emissions. Company with the co-benefit
increase, the storage of the CCS increase are also examined.
 
Fig.3. (a) CERs=955 RMB/ t C, csox=0$/t, and cnox=0$/t
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Fig.3. (b) CERs=955 RMB/ t C, csox=1707$/t, and cnox=1513$/t
Fig.3. The annual electricity generation of China under different marginal damage costs of SOx and NOx
7. Conclusion
A generation planning model of the Chinese six major power grids, which is being developed in order 
to evaluate and analyse the capture and storage of carbon dioxide considering environment co-benefit of 
air pollutants (sulphur oxides and nitrogen oxides) of the advanced electricity generation technologies is
present. This model evaluates also the potential of transferring advanced power generation technologies
into the Chinese power system as CDM activities. Since advanced power generation technologies have
environmental advantages other than CO2 emission reduction, this finding is important to our research,
which aims to evaluate the environmental benefit of technology transfer by CDM projects.
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